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Introduction
Insulin has, besides its important role as regulator of blood glucose levels in the body, vasoactive properties. It has been shown that insulin causes tissue capillary recruitment to increase the endothelial surface available for the transportation of insulin, glucose, and other nutrients to the interstitium during a hyperinsulinemic euglycemic clamp [22] , after a mixed meal [38] and during local administration of insulin [34] . A disrupted interplay between the metabolic and vasoactive functions of insulin has been proposed to play a key role in the development of microcirculatory dysfunction and insulin resistance [5, 17] . When insulin fails to increase tissue blood flow, both its own delivery as well as the supply of glucose to the surrounding tissue is reduced [2, 6] . This phenomenon can be seen in hypertension [33] and obesity [7, 17, 20] . Research that aims to better understand the relation between the metabolic and vasoactive actions of insulin in the body are therefore of clinical interest.
It has been shown that systemically induced hyperinsulinemia augments capillary recruitment in the skin, and that this is paralleled by insulin-mediated microvascular recruitment in muscle [22] . Also, it has been shown that decreased insulin sensitivity is associated with an impaired capillary recruitment and impaired acetylcholine-mediated vasodilatation in the skin [7] . The microcirculation of the skin is in various other contexts considered to be representative for systemic microvascular function [12] .
To study the vascular effects of insulin in the skin, it can be delivered locally or systemically. Transdermal iontophoresis has been used for local delivery of insulin to the skin, in combination with laser Doppler flowmetry for measurement of microvascular responses in the skin [14, 23, 29, 30, 34] . However, the delivery of insulin via iontophoresis has been found challenging, because of a substantial nonspecific vasodilatation caused by the diluting medium of the drugs that have been used [14, 23, 34] . Also, because metabolic effects cannot be directly studied using optical techniques, previous studies using transdermal iontophoresis have been limited to measurement of vascular effects.
Intracutaneous microdialysis, on the other hand, makes it possible to simultaneously deliver substances to the skin and measure changes in the concentration of metabolites [10] and blood flow [9, 11] in the same tissue volume. Microdialysis has previously been used to study the metabolic and vascular effects of insulin in adipose tissue and skeletal muscle, by monitoring changes in tissue metabolites and blood flow after systemic hyperinsulinemia [28] , as well as after local administration of insulin through the catheter into the tissue [27] . However, the effects of systemic hyperinsulinemia and local administration of insulin on skin microcirculation and metabolism have not been studied in detail using microdialysis.
The aim of this study was therefore to study the metabolic and vascular actions of insulin in the skin, when it is (1) endogenously produced and delivered to the skin via the bloodstream or (2) directly delivered to the interstitium via a microdialysis catheter. We hypothesized that insulin would cause a change in the concentration of metabolic markers, glucose, lactate and pyruvate, in the skin surrounding the catheter, and that insulin would cause a local increase in blood flow. We also hypothesized that the metabolic and vascular effects of insulin would differ depending on whether it would (1) be endogenously delivered to the tissue via the microvasculature after an oral glucose load, or (2) delivered directly through the microdialysis catheter.
Method Subjects
Fourteen healthy subjects (7 female) participated in the study (Table 1) . Their mean age was 23 ± 5.1 years (range 19-40). They were non-smokers and used no regular medication except for oral contraceptives. The subjects arrived in the morning after an overnight fast and were only allowed to drink water during the experiments. All subjects gave their written informed consent before their participation. The study was performed according to the Helsinki declaration and was approved by the regional ethical committee of Linköping (application ID: 2011/362/31).
Study protocol
The skin of the volar aspect of the forearm was disinfected (Chlorhexidine, Fresenius Kabi AB, Uppsala, Sweden). Then, a 0.1 ml Xylocaine injection (Xylocaine 20 mg/ml; AstraZeneca, Södertälje, Sweden) was given at two sites, at approximately 3 cm distance from each other. A microdialysis catheter (CMA 71, M dialysis AB, Stockholm, Sweden) was inserted at each of the two sites, as follows. An 18-Gauge cannula (BD Venflon TM Pro, Bection Dickinson Infusion Therapy AB, Helsingborg, Sweden) was pushed through the surface of the skin and advanced along the skin surface at a depth of approximately 1 mm. The membrane of the catheters were located at least 2.5 cm from the xylocaine injection site. We have previously confirmed the depth of the catheters using a DermaScan ultrasound device to be approximately 0.8 mm, on the boundary of the dermis and hypodermis [31] . The steel mandrin was then removed and the cannula cut off, so that only the plastic cannula was left inside the skin. Thereafter, the microdialysis catheter was inserted into the plastic cannula, after which the plastic cannula was removed. Finally, thin transparent adhesive film (Tegaderm, 3M Healthcare, St. Paul, USA) was attached over the insertion point to keep the catheters in place. The two catheters were placed in parallel and each catheter was connected to a microinjection pump (CMA 107, CMA AB, Solna, Sweden), and perfused with a perfusate containing 5:6 Ringer-Acetate with addition of 2.5 % albumin, 30 mM urea (APL Apoteket, Umeå, Sweden) and 1:6 insulin diluting medium (Insulin Diluting Medium for Novorapid and Levemir, Novo Nordisk A/S, Bagsvaerd, Denmark), resulting in a final concentration of 2.1 % albumin and 25mM urea. To minimize adsorption of insulin by the catheter material, the catheters were perfused for 90 minutes before insertion in the skin.
An outline of the complete protocol is presented in Figure 1 . After the insertion, the catheters were perfused for 90 minutes to allow for the tissue to recovery from the insertion trauma and to verify adequate function of the catheters. Then, a 60-minute baseline period was observed. After that, both pumps were opened and one of the syringes (106 Syringe, M dialysis AB, Stockholm, Sweden) containing the perfusion fluid was exchanged for a syringe containing 5:6 Ringer-Acetate with addition of 30 mM urea and 2.5 % albumin and 1:6 of 100 U/mL insulin aspart (Novorapid 100 U/mL, Novo Nordisk A/S, Bagsvaerd, Denmark). The final concentration of insulin aspart in insulin catheter was 16.7 U/mL The other syringe continued with the original solution throughout the protocol. When opening and closing the pumps, an automatic flush sequence is initiated, which is why the first sample after the exchange of syringes was discarded. The responses to insulin addition in insulin catheter and to control substance in the control catheter were studied for 60 minutes.
Thereafter a WHO standard of oral glucose tolerance test (OGTT) was performed. 75 g glucose (Apotek Produktion & Laboratorier AB, Stockholm, Sweden) diluted in 2 dl water was ingested within 5 minutes.
In 6 subjects, no insulin was added to the perfusate of the microdialysis catheter, and no glucose was given orally (Table 1 , Figure 1 ), while the protocol was otherwise identical. These subjects were used as controls to investigate any effects not related to local or systemic insulin. All microvials were labeled and then weighed (CPA225D, Sartorius Weighing Technology GmbH, Goettingen, Germany) to determine the volume of the recovered dialysate in each vial. Lag time, which is the time it takes for the microdialysate to flow from the membrane to the microvial, was 5.1 minutes and this was taken into account during the data analysis. The flow rate was set to 1.0 μl/min and vials were replaced at 15-minute intervals. After each microvial was sampled, it was directly analyzed for glucose, urea, pyruvate and lactate using a microdialysis analyzer (CMA 600, CMA AB, Solna, Sweden) and then frozen to -20°C. Within 2 weeks the microvials were thawed and analyzed for insulin concentration by an enzyme-linked immunosorbent assay (Ultrasensitive ELISA, Mercodia AB, Uppsala, Sweden). Four microvials were pooled together to reach the minimum sample volume required (25 µL) for the insulin assay. This resulted in one insulin measurement during baseline and one measurement per hour during the oral glucose load.
Capillary blood glucose was collected six times during the experiment; after acclimatization, before giving the glucose load, and every hour for four hours after the oral glucose load. Samples were collected alternately from the index, middle and ring finger of the hand opposite the arm where the microdialysis catheters were inserted. The skin of the fingertip was disinfected (Chlorhexidine, Fresenius Kabi AB, Uppsala, Sweden) and a lancet with 1.8 mm puncture depth (Haemolance Plus, HaeMedic, Ozorków, Poland) was used to puncture the skin. Capillary blood samples were thereafter analyzed directly using a handheld spectrophotometer (Glucose 201+ system, HemoCue AB, Ängelholm, Sweden), which was calibrated according to the manufacturer. Venous blood samples were collected during fasting and two hours after the ingestion of the oral glucose load and directly analyzed by the clinical laboratory at Linköping University Hospital. Samples were taken from the arm opposite the arm where the microdialysis catheters were inserted. After disinfection (Chlorhexidine, Fresenius Kabi AB, Uppsala, Sweden), the median cubital vein was punctured using a butterfly needle (Vacuette®, Greiner bio-one, Kremsmünster, Austria) and the sample was directly analyzed by the clinical laboratory at Linköping University Hospital. Serum insulin was collected in Serum gel tubes (VWR, Vacutest KIMA, Piove di Sacco, Italy) and analyzed using electrochemiluminescence. Plasma glucose was collected in Citrate/Fluoride/EDTA tubes (Venosafe, Terumo, Västra Frölunda, Sweden) and analyzed using the hexokinase enzymatic method. Insulin resistance and beta-cell function was quantified according to the homeostatic model assessment (HOMA; [fasting insulin (μU/ml) x fasting glucose (mmol) / 22.5]) [21] .
Skin perfusion was measured every 15 minutes indirectly by the microdialysis urea clearance technique and directly by a Laser Speckle Contrast Imaging (LSCI, PeriCam PSI System, Perimed AB, Järfälla, Sweden). The microdialysis urea clearance technique is based on the rate of diffusion of urea added to the perfusate, which depends on the local blood flow. The method has been described in detail previously [8, 9] . With increased blood flow, urea diffuses out of the catheter at a higher rate because of an increased gradient between the inside of the catheter and the interstitium.
LSCI uses a divergent laser beam with a wavelength of 785 nm to illuminate an area of the skin. Skin perfusion is estimated based on the reduction of the local speckle contrast in the reflected image. The technique has previously been described in detail [3, 13] . Perfusion images were acquired by averaging data from 42 images taken in rapid succession (acquisition time 2 seconds) and then further analyzed by calculating mean perfusion levels in regions of interest using PIMsoft 1.3 (Perimed AB, Järfälla, Sweden). The region of interest size was set to correspond to the area surrounding each catheter 0.4 cm x 1.4 cm and was placed over the catheter membrane of the insulin catheter (ROI 1) and the control catheter (ROI 2). An additional control region was measured remote from the catheter (ROI 3). The spatial resolution of the perfusion image was 0.2 mm/pixel at the used measurement distance of 25 cm. The system was calibrated according to the manufacturer's recommendations.
Data analysis
Data in the text are presented as means and standard deviations (SD). Blood pressures before and after the experiment, and differences in volume recovery between catheters were compared using paired Student's t test. Changes in skin temperature and insulin concentration in the skin during the course of the experiment were analyzed using 1-way analysis of variance for repeated measures, followed by multiple comparisons using Sidak's correction. Two-way analysis of variance for repeated measures, followed by multiple comparisons using Sidak's correction were used to analyze changes in glucose, lactate, pyruvate, lactate/pyruvate, urea in the skin and skin perfusion as measured using LSCI, (1) between different time points during the experiment and (2) between the control and insulin catheters. The difference in the concentration of urea, lactate and pyruvate between catheters during the period when insulin was given locally was analyzed using paired Student's t tests.
The alpha level for statistical significance was set to 0.05. All statistical analyses were made with the aid of GraphPad Prism version 5.02 for Windows (GraphPad Software, San Diego California USA, www.graphpad.com).
Results
All catheters were successfully inserted in the skin and adequate volume recovery was 
Local delivery of insulin
The changes in concentrations of glucose and insulin in the dialysate are shown in 
Oral glucose load
The concentration of glucose in the skin increased during the first hour after intake of an oral glucose load and peaked at 70 minutes after intake of glucose. It remained increased compared with baseline until 3 hours after intake (p = 0.01). There was no significant difference in the glucose response between the two catheters ( Figure 2 ). As a result of the effect of local insulin delivery, the lactate concentration at the time of intake of the oral glucose load was significantly higher in the insulin catheter than in the control catheter (p = 0.001). Lactate concentrations increased during the first hour and remained elevated until 2 hours (for insulin catheter, p < 0.001) and 3 hours (for control catheter, p < 0.001) after oral intake of glucose ( Figure 3) . Similarly, the concentration of pyruvate in the dialysates was increased significantly until 2 hours after oral intake of glucose (p < 0.002, Figure   4 ), with no difference in response between the two catheters, except for a significantly higher lactate concentration in the insulin catheter at the time of intake of glucose (p < 0.001).
The lactate/pyruvate ratio was significantly increased compared to baseline between 3 and 4 hours after intake of glucose (p = 0.04, both catheters), but did not differ significantly between the two catheters ( Figure 5 ).
In control subjects in which no insulin was delivered locally or glucose given orally, no changes in glucose (p = 0.37), lactate (p = 0.69), pyruvate (p = 0.39) or lactate/pyruvate ratio (p = 0.15) were observed during the experiment.
Skin perfusion
No significant changes in dialysate concentrations of urea were observed during baseline in any catheter ( Figure 6A ). After 60 minutes, when the perfusate was switched to insulin, or continued with control solution, a decrease in the urea concentration was observed in both the catheter in which insulin was delivered, as well as in the control catheter. However, the urea concentration was significantly lower during the first 30 minutes of local delivery of insulin in the insulin catheter, compared with control catheter (p = 0.047), indicating a higher local blood flow in the tissue surrounding the insulin catheter.
When glucose was delivered systemically through the oral glucose load, the urea concentration in both catheters continued to decrease at comparable levels, indicating a further increase in skin blood flow during systemic glucose intake independent of local insulin delivery.
In the control subjects who did not receive local insulin at all, no significant change in the urea concentration was observed, although there was a similar, sudden decrease after 60 minutes, and a slight overall decrease over time (p = 0.43). The decrease in urea concentration was more pronounced in the subjects receiving an oral glucose load, compared to the control subjects (p = 0.01).
The skin perfusion around both catheters, as measured using LSCI, increased gradually over time ( Figure 6B ). The perfusion in the skin around the insulin catheter increased from baseline during local insulin delivery (p = 0.008), whereas no change in perfusion was observed around the control catheter during the same time period (p = 0.39). After the oral glucose load, perfusion around both catheters increased significantly compared to baseline (after 1 h for the insulin catheter, p < 0.001; after 2 h for the control catheter, p = 0.001). At the control site remote from the catheters, there was no change in skin perfusion at any time during the experiment (p > 0.39).
In control subjects that did not receive local insulin or an oral glucose load, a slight, nonsignificant increase in skin perfusion, as measured with LSCI, was observed around the catheter, while a decrease from baseline was observed at a remote skin site, which was significant at 1, 3 and 4
hours into the experiment (p < 0.02). After 4 hours, the perfusion was significantly higher around the catheter than at the remote site (p <0.001).
Discussion
To the best of our knowledge, the present study is the first to use microdialysis in the skin to simultaneously demonstrate metabolic and vascular responses after local and endogenous insulin delivery. Also, whereas other studies have detected changes in insulin levels in muscle and adipose tissue after an oral glucose load [32] , this study is the first to detect a change in insulin levels in the skin. The main finding of this study is that the time course of the effects of hyperinsulinemia on glucose uptake in the skin differs markedly depending on whether insulin is delivered directly to the interstitium via microdialysis, or delivered via a systemic route (after oral glucose intake), and that local delivery of insulin to the skin results in rapid vasodilatation, paralleled by an increased glucose uptake.
Microdialysis has been used to study metabolic and vasoactive actions of insulin in brain [36] , skeletal muscle and subcutaneous adipose tissue [28] . Only a few studies have however used microdialysis to study the effects of insulin in skin. Jansson et al. studied changes in lactate and blood flow in the skin during an oral glucose tolerance test and found that the skin releases lactate during fasting but that the net release of lactate from the skin is not increased after OGTT, and that no increase in blood flow occurs during OGTT as measured with 133 Xe clearance [16] .
In the current study, we found an immediate, within 15 min, increase in tissue lactate and pyruvate during local insulin delivery. This indicates a rapid, increased glucose uptake in the skin as a result of increased interstitial insulin levels. Similarly, when Chiu et al. administered insulin directly into skeletal muscle they detected a rapid increase in glucose disposal [4] . They concluded that once insulin arrives in the interstitial space, all remaining steps for insulin to mediate glucose uptake are not temporally limiting, i.e. the rate limiting trans-endothelial transport is bypassed. Our results are consistent with these findings. Interestingly, in our results the interstitial glucose concentration did not decrease during local delivery of insulin. We assume that the reason why we did not observe this is because of a high transport capacity for glucose from the vasculature to the interstitium compared to its metabolism, even when glucose uptake is increased as a result of increased levels of insulin [19] .
This may be specific for the dermal interstitium, as a previous study has shown a decreasing interstitial glucose concentration after local insulin delivery to skeletal muscle [27] .
After an oral glucose load, the peak in the blood glucose concentration is usually observed between 30 and 60 min after glucose intake [18, 24] . In this study, we found a peak in glucose concentration in the skin after 68 minutes, while interstitial lactate and pyruvate peaked somewhat later, at 83 minutes. The peak in interstitial insulin was observed between 68 and 128 minutes after oral glucose intake. Because of the limited temporal resolution it is difficult to determine a more exact time point for the peak in interstitial insulin, but it is likely to occur after the peak in interstitial glucose. This finding is in agreement with the idea that the endothelium limits the availability of insulin in the interstitial space of the skin.
The increased levels of lactate and pyruvate in the skin after the oral glucose load were rather similar for the insulin and control catheters. This indicates that the increase in glucose uptake with locally delivered insulin was modest compared with the increase in glucose uptake after systemic hyperglycemia.
It has been known for many years that insulin has direct vasoactive properties [1] . It is now generally believed that insulin to some extent regulates its own delivery, and that the delivery of glucose to muscle tissue is mediated through direct effects on the vascular endothelium. Many studies have used systemic clamps with supraphysiological insulin concentrations to investigate the vasoactive effects of insulin on muscle microcirculation, and these have generally showed vasodilating effects and increased limb blood flow [20, 26] . Other studies have delivered insulin locally in the skin, and have found an increase in skin blood flow independent of any systemic effect [14, 34] . Whether physiological levels of insulin increase total limb blood flow has, however, been more controversial, and insulin is now instead considered to redirect blood flow from non-nutritive to the nutritive vascular bed, even at physiological concentrations, a process known as capillary recruitment [5, 37] . The majority of studies investigating the vascular effects of insulin have been using skeletal muscle tissue as the organ of interest. It has become clear, however, that changes in the vascular actions of insulin in skeletal muscle are paralleled by changes in cutaneous microcirculation [22, 34] . The skin has therefore emerged as a popular surrogate organ to study these effects, because it is easily accessible for measurement of changes in skin microcirculation using minimally-invasive techniques.
The findings in this study add to the evidence that insulin causes vasodilatation in the microcirculation in the skin. More urea was cleared from the catheter in which insulin was delivered locally, and an increase in skin perfusion was observed with LSCI, indicating that microvascular blood flow in the skin was increased. It may be expected that high concentrations of insulin delivered to the interstitium will cause endothelium-dependent vasodilatation, considering the known vasoactive
properties of insulin. It should however be noted that the direction of insulin transport to the endothelium in this case is reversed from the normal route, as the normal active transendothelial transport mechanisms are bypassed. On the other hand, insertion of the catheter will likely cause a disruption of the local microvascular structure, causing an increased availability of insulin to the endothelium that may have a direct effect on the microvasculature through vasodilatation and capillary recruitment.
After the oral glucose load, an increased urea clearance was observed in both microdialysis catheters. The insertion of microdialysis catheters in the skin is known to cause a local rise in inflammatory cytokines that is sustained for 48h [35] . This inflammatory cascade may be responsible for the slight increase in blood flow near the observed in the control catheters and in the subjects who did not receive local insulin or an oral glucose load. However, the change in skin perfusion was significantly more pronounced in the subjects receiving an oral glucose load, than in the control subjects. This suggests that tissue blood flow is increased secondary to systemic hyperglycemia, and that this effect is independent of local insulin delivery. An increased skin blood flow near the catheters was also observed with LSCI in the subjects receiving oral glucose (and not in the control subjects). However, no change in blood flow was observed at a control site distant to the catheters.
The absence of blood flow changes in unprovoked skin indicates that a systemic glucose load does not increase total skin blood flow, despite increased insulin levels and an increased glucose metabolism in the skin. The question why LSCI fails to show an increase in perfusion after an oral glucose load, at a skin site remote from the catheter, is difficult to answer, but one explanation may be the difference in measurement volume between the techniques. Because the catheters are located near the subdermis, it is likely that the effects on urea clearance are related to changes in subdermal blood flow, whereas LSCI is sensitive to changes in perfusion in the superficial dermis [25] . One could therefore speculate that LSCI measures too superficially to detect any microvascular effects in the skin after a systemic glucose load. Finally, it should be noted that there was a significant decrease in skin perfusion during the experiment in the control subjects, whereas the perfusion was unchanged in the subjects receiving the oral glucose load. Thus, the sensitivity of LSCI may be too low or our study may have been underpowered to detect any significant changes in skin perfusion after the oral glucose load.
Limitations
A limitation of the study was that we do not know the actual concentration of insulin delivered to the skin by the microdialysis catheter, as we did not analyze the concentration of insulin aspart in the dialysate. However, the perfusate concentration was six orders of magnitude higher than fasting insulin levels (~10 mU/L), so it is very likely that supraphysiological levels are delivered to the interstitium, even with an expected low reverse recovery of 10% [15] . There has been limited research on how much insulin traverses the catheter membrane, but insulin is known to have the tendency to adhere to the membrane of the tubing. We wanted to start out on the safe side and deliver a high dose, to ensure that insulin specific effects in the tissue would be detectable. Future studies will focus on the transport characteristics of insulin over the membrane in vitro and in vivo, and will assess potential insulin adherence to the membrane.
Conclusion
Intracutaneous microdialysis makes it possible to study the metabolic and microvascular effects of insulin in the skin with a high temporal resolution. By using the urea clearance method, changes in microvascular blood flow can be measured in the same sampling volume as where insulin is delivered, and where glucose uptake takes place. Local delivery of supraphysiological concentrations of insulin caused an immediate (within 15 minutes) increase in microvascular blood flow, as measured using two different techniques. This increase in blood flow was paralleled by simultaneous increases in interstitial pyruvate and lactate levels, indicating increased glucose uptake.
These results provide further evidence that insulin in high concentrations rapidly increases microvascular blood flow in the skin. After an oral glucose load, the maximum interstitial glucose level was observed at 68 minutes, while maximum pyruvate and lactate levels were observed at 83 minutes. A peak in interstitial insulin was observed between 60 and 120 minutes after oral glucose intake. Thus, the availability of insulin and the resulting metabolic effects in the interstitium of the skin are delayed after a systemic glucose load compared to when insulin is delivered locally, suggesting a limiting effect of the microvasculature.
We observed an increase in urea clearance from the catheters, compared to control subjects who did not receive an oral glucose load, which suggests an increase in blood flow in the skin mediated by systemic release of insulin. However, the fact that we did not observe any changes in skin perfusion using LSCI indicates that an oral glucose load does not alter perfusion in the superficial microcirculation much. . Further studies are needed to investigate whether vasodilatory effects of insulin in the skin at physiological concentrations are relevant for the delivery of insulin and glucose to the interstitium.
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